Mössbauer spectroscopy may also contribute to the discrepancy (e.g. internal 44 structural and/or chemical defects, microstructure, surface contribution). As for 45 oxygen, DFT results indicate that goethite and hematite have similar !-factors, which 46 suggests almost no fractionation between the two minerals at equilibrium. 47 48 49
INTRODUCTION
For decades now, the isotopic compositions of natural samples have been 50 measured and found countless applications in all branches of geosciences (see for 51 reviews, Valley and Cole, 2001 ; Johnson et al. 2004; Eiler et al. 2014) . In the 52 meantime, isotope exchange experiments were performed to improve our 53 understanding of the processes responsible for stable isotope fractionation. More 54 recently, new approaches have emerged and are contributing to this field of research. 55
First-principles calculations give reduced partition function ratios (also called !-56 factors) that can be combined for two phases in order to obtain the equilibrium isotope 57 fractionation factor ("-factor), which is the quantity usually measured. These 58 theoretical methods are also of great interest for investigating the mechanisms 59 controlling the isotope fractionation at the molecular scale. For Mössbauer active 60 elements (like iron), !-factors can also be obtained using Mössbauer spectroscopy 61 through the measurement of the temperature dependence of the isomer shift 62 energies. Most previous studies in geosciences had focused on estimating the Debye 76 sound velocity (Hu et al. 2003 ; Sturhahn and Jackson, 2007) , from which 77 compressional and shear wave velocities can be deduced if the bulk modulus and 78 density of the phase are known. These estimates are derived from parts of the spectra 79 that are close to the elastic peak for the nuclear transition of 57 Fe at 14.4125 keV. On 80 the other hand, the force constant, which controls !-factors, is heavily influenced by 81 details of the spectrum at the low-and high-energy ends of the spectrum. As a result, 82 little attention had been paid to the accuracy of force constant measurements by 83 NRIXS. Dauphas et al. (2012) found that in some cases, significant counts were 84 present even at high energies. The projected partial phonon density of states, g(E), and 85 the scattering spectrum, S(E), never reached zero and as a result, the integrals that 86 gave the force constants did not plateau for goethite and H-jarosite. These were 87 interpreted to reflect the presence of multiple phonons at high energies. However, we 88 were unable to replicate the measurements during another session of NRIXS 89 measurements at the Advanced Photon Source synchrotron. This and other tests 90 performed on other phases convinced us that the high counts in the tails are not from 91 multiple phonons but rather reflect the presence of a non-constant baseline. To 92 address this issue, Dauphas and collaborators have developed a software (SciPhon) 93 that reliably corrects for non-constant baseline (Dauphas et al, 2014) . 94
In the present study, the pDOS as well as the iron and oxygen !-factors of 95 goethite are computed using first-principles calculations and compared to available 96 experimental isotopic data. In parallel, the data published in Dauphas et al. (2012) 97 have been re-evaluated using SciPhon and we present revised estimates for the force 98 reproducibility of force constant measurements by NRIXS, we have analyzed the 100 goethite sample two more times and the jarosite samples one more time. Those new 101 results, together with a re-evaluation of previous data, are reported here. 102 103
MATERIALS AND METHODS 104

NRIXS spectroscopy 105
Nuclear resonant inelastic X-ray scattering is a nuclear spectroscopic 106 technique that uses the nuclear transition of 57 Fe at 14.4125 keV to probe the vibration 107 properties of iron (Seto et al. 1995; Sturhahn et al. 1995) . The method as implemented 108
at sector 3-ID-B of the Advanced Photon Source at Argonne National Laboratory is 109 briefly described hereafter. The incident beam is a pulsed X-ray beam of 70 ps 110 duration and 153 ns interpulse duration. A monochromator restricts the energy spread 111 of the incident beam to 1 meV. When the pulse hits the sample, X-rays are scattered 112 by electrons and this electronic contribution is almost instantaneous. On the other 113 hand, the excited 57 Fe nuclei have a finite lifetime of 141 ns and the electronic 114 contribution can be eliminated from the signal by applying some time discrimination. 115
The signal from NRIXS is measured using Avalanche Photodiodes (APD). The 116 energy is scanned around the nominal resonant energy over a typical interval of -150 117 to +150 meV. When the photon energy is higher than the resonance energy, the 118 excess energy can be lost to excitation of phonon modes in the lattice and the nuclear 119 excitation can still occur (phonon creation). When the energy is lower than the 120 nominal resonance energy, the energy deficit can be provided by lattice vibrations and 121 the nuclear excitation can still occur (phonon annihilation 
. Equation ( The !-factors can also be calculated from g(E) using the formula that is valid for E/kT 138 < 2! (Polyakov et al. 2005 , Dauphas et al. 2012 , 139
where m i g is the!i th !moment of g given by m i g = g of the reduced partition function ratio. In general, !-factors can be expressed as,
where the coefficients A 1 , A 2 , and A 3 can be calculated from either Eq. 1 (S) or Eq. 2 146 (g). The pDOS g is calculated from S using a Fourier-Log decomposition ( and Eqs. 1 and 2 are mathematically equivalent. In practice, Eq. 1 is easier to use as 149 errors are not correlated between different energy channels and it is more 150 straightforward to assess the effects of the data reduction procedure (e.g., truncation 151 in energy, baseline subtraction) on the estimates of the !-factor coefficients. The 152 above-mentioned equations can also be written as (Dauphas et al. 2012) , 153
where B 1 "#$%&, B 2 is a constant that depends on the shape of the pDOS and F is 155 the mean force constant (in N/m) of the bonds holding iron in position, 156
The same samples as those initially measured by Dauphas et al. (2012) were used in 158 this study and details on the synthesis method can be found in Golden et al. (2008) . 159
All samples were made starting with 57 Fe-rich metal (95 % vs 2.1 % natural 160 abundance) as NRIXS is only sensitive to this Mössbauer isotope. The nature of the 161 minerals analyzed was checked by X-ray powder diffraction (XRD). The Rietveld 162 refinement (JADE software package, Materials Data Inc.) provided the following 163 unit-cell parameters for the goethite sample: a = 4.58 Å, b = 9.94 Å, c = 3.02 Å 164 (Pbnm space group). The particle sizes (equivalent sphere diameters of coherent 165 domain sizes) were determined using the peak broadening of Rietveld-refined XRD, 166 yielding 19.8 nm for goethite and 223.0 nm for K-Jarosite. Goethite particles arecompressed pellets, which could impart preferential orientation of the samples, as 169 rightly noticed by Frierdich et al. (2014) . However, the latter measurements were 170 done on the powdered samples mounted in vacuum grease at the tip of a kapton 171 capillary, which should keep a random orientation of the particles. One or two APDs 172
were mounted on the sides of the sample perpendicular to the incident beam, so as to 173 capture the maximum solid angle of scattered X-rays. The forward signal was 174 measured at the same time, providing an accurate estimate of the resolution function. 175
The data reduction was entirely done using a new software called SciPhon that 176 is introduced briefly in Dauphas et al. (2014) and will be the scope of a forthcoming 177 calculated from the harmonic vibrational frequencies using 229 PHonon code (Giannozzi et al., 2009 ; http://www.quantum-espresso.org). Phonon 237 frequencies were computed on shifted 2 " 2 " 2 q-point grids, for which the 238 convergence of the !-factors is achieved. 239
The !-factors calculated from the pDOS (Eq. 2) are identical to the !-factors 240 calculated directly from the harmonic vibrational frequencies (Eq. 6) providing that 241 when OH stretching modes are considered in the pDOS) the formula derived from 243 perturbation theory (Eq. 1-4 in Polyakov et al. 2005 ) must be used instead. 244 245
RESULTS 246
Reappraisal of NRIXS data 247
The two motivations for implementing a non-constant baseline subtraction 248 procedure were that (1) replicate measurements of a given phase over several years 249 yielded force constant values that were not reproducible and (2) the signal at the low 250 and high energy ends of the spectrum often did not reach zero, so that the force 251 constant integral did not converge. In Table 1 . The 285 pDOS calculated for the three goethite samples are very reproducible and the average 286 pDOS is plotted in Fig. 2 . 287
As shown in Table 1 and later in Table 5 for jarosite samples, B 2 (Eq. 4) is 288 almost the same for the phases investigated (~59,000), so the force constant is the 289 main controlling factor in iron isotopic fractionation even at low temperature and we 290 In the case of H-jarosite, for which significant signal remained at the high-324 energy end and as a result the force constant integral did not converge ( 
First-principles determination of isotopic fractionation properties 335
Iron !-factor of goethite 336
In first-principles calculations, the goethite cell parameters were fixed to their 337 experimental values (Yang et al., 2006) and atomic positions were relaxed using 338 either GGA or GGA+U methods. GGA atomic positions are in excellent agreement 339 with the experimental values (Table 3) . Only the x atomic coordinate of H atoms 340 shows a significant discrepancy revealing the difficulty of DFT to treat hydrogen 341 GGA+U performs similarly as GGA for the description of interatomic distances 343 (Table 4) . This is also true for the vibrational properties. We observe a good 344 correlation between experimental and theoretical frequencies for both GGA and 345 GGA+U methods (Fig. 4) . As already highlighted in Blanchard et al. (2014) 
for details). We observe a general good agreement between the calculated and 352 measured iron pDOS (Fig. 2a) . In detail, small differences can be noted between the 353 average measured pDOS and the calculated ones. These differences are of the same 354 order of magnitude as the differences between the pDOS computed with GGA and 355 GGA+U, and are distributed all along the energy range, which suggests that they are 356 not related to any specific vibrational modes. However, these small divergences lead 357 to a significant difference in the calculated iron force constants that are equal to 233 358 N/m and 247 N/m using GGA and GGA+U, respectively. The force constant is 359 calculated from the pDOS g by using equation (5). The integral in the second moment 360 of g explains why the OH vibration modes with their high energies contribute a little 361 to the iron force constant while the corresponding pDOS signal is almost negligible 362 (Fig. 2) . The difference between the DFT (233 N/m for GGA, 247 N/m for GGA+U) 363 and NRIXS (268±8 N/m) force constants is already present before the OH vibration 364 modes. Calculations show that the pDOS should be exactly zero over a certain energy 365 range between the lattice modes and the OH bending modes (Fig. 2b) , which is notiron force constant. This is likely due to the position of the baseline that should be 368 slightly higher. The variability of the calculated 57 Fe/ 54 Fe !-factor is shown in Fig. 5,  369 and the corresponding temperature dependences are reported in Tables 1 and 5 
Oxygen !-factor of goethite and hematite 407
Beside iron !-factors, first-principles calculations provide the 18 O/ 16 O !-factor 408 of goethite as a function of temperature ( Fig. 6 and Table 6 ). For goethite, GGA and 409 GGA+U results differ by ~4%. In the ideal goethite structure, half of the oxygen 410 atoms are hydroxylated and the others are not. Calculations show that these two 411 oxygen populations can be distinguished isotopically. At thermodynamic equilibrium, 412 heavier isotopes will concentrate preferentially in hydroxylated sites. The oxygen 413 isotope fractionation of goethite corresponds then to the average of all oxygen atoms 414 of the system. Similar calculations were also performed on hematite, using the same 415 model as that previously used by Blanchard et al. (2009) . As explained in sectionof hematite is found to be very close to the one of goethite, but with a slightly more 418 linear temperature dependence (Fig. 6) . The first obvious difference between goethite and hematite is the presence of 434 hydrogen atoms, and it is well known that the accurate description of hydrogen 435 bonding using DFT remains a concern. However, it is important to note that the 436 lengths of the Fe-O and Fe-OH bonds are well described (Table 4) and that all 437 vibrational frequencies below 700 cm -1 (i.e. excluding OH bending and stretching 438 modes) compare well with the experimental values (Fig. 4) . These vibrational modes 439 are the main ones that contribute to the iron !-factor (Fig. 2c) . The main difference 440 between GGA, GGA+U and NRIXS comes from the high-energy end of the latticego down to zero between the lattice modes and OH bending modes (Fig. 2) . 443
The nature and quality of the samples may also have an impact on iron isotope 444 composition. On one hand, a 57 Fe-rich sample with particle sizes of ~20 nm was 445 synthesized for the NRIXS measurements, and on the other hand, Mössbauer 446 spectroscopy was done on natural sample from the Harz mountains, well-crystallized 447 with particle size of ~1 "m (de Grave and Vandenberghe, 1986). Some kind of 448 internal disorder is however commonly observed in goethite, using e.g. differential 449 thermal analysis, infrared or magnetic measurements (Cornell and Schwertmann, 450
2003). This internal disorder may correspond to crystal defects and/or iron vacant 451
sites that are compensated for by extra, non-stoichiometric protons. All this amounts 452 to introducing distortions with respect to the ideal crystal structure. In "real" goethite 453 crystals, there will be a larger variation in the length of Fe-O bonds, which will lead to 454 a larger variation of the local iron !-factors (i.e. !-factors associated with each iron 455 atom). In a similar but simpler way, the ideal goethite structure displays already two 456 oxygen populations with specific isotopic signatures and the bulk oxygen !-factor 457 corresponds to the average of these two local !-factors (Fig. 6) . The prediction of the 458 iron !-factor of a goethite crystal containing a certain amount of defects would 459 require the accurate characterization of the sample at the molecular scale, which is 460 beyond the scope of the present paper. It is noteworthy that the presence of defective 461 sites is not necessarily expressed in the overall isotopic composition because 462 hematite. Similarly, we built a 2 " 1 " 2 supercell of goethite containing one iron 468 vacancy compensated by three protons. The overall 57 Fe/ 54 Fe !-factor is almost 469 unchanged (11.99 ‰ instead of 11.94 ‰ at 0 °C using GGA), even if the local !-470
factors display values ranging from 11.22 ‰ to 13.61 ‰ at 0 °C (the highest value, 471
i.e. 13.61 ‰, corresponds to an iron atom surrounded by two vacancies because of the 472 periodic repetition of the simulation cell). 473
Iron force constant and !-factor can also be affected by surface sites, the 474 contribution of which should depend on the size of the crystals. Unlike for defects in 475 bulk, the molecular relaxation in vicinity of the surfaces will more likely give rise to a 476 specific isotopic signature that will affect the overall isotopic composition. Beard et 477
al. (2010) and Frierdich et al. (2014) investigated the isotopic exchange between 478
aqueous Fe(II) and goethite, using two sizes of goethite. Their results demonstrate that 479 the equilibrium isotopic properties of nano-scale minerals may be distinct from 480 micron-scale or larger minerals. They found that iron surface sites are enriched in 481 heavy isotopes compared to bulk goethite. This fractionation is consistent with the 482 fact that the NRIXS-derived !-factor (for a nano-scale sample) is higher than the 483 Mössbauer-derived !-factor (for a micron-scale sample). However the difference 484 observed in !-factors (Fig. 5) is large compared to the difference in equilibrium 485 Table 7 ). Keeping in mind that these mineral-498 mineral isotopic fractionations do not represent direct measurements and involve 499 approximations like temperature extrapolations, we can compare them with the 500 equilibrium fractionation factors estimated from NRIXS, Mössbauer or DFT (Fig. 7) . 501
The range of iron !-factors obtained for goethite (Fig. 5) leads to a significant spread 502 of iron "-factors for pyrite-goethite and hematite-goethite (Fig. 7) . DFT "-factor is in 503 It often happens that the iron !-factors derived from Mössbauer are slightly different 519 and lower than the ones derived from NRIXS, but usually when the "-factors are 520 determined the agreement between these two methods and with the experimental data 521 is satisfactory. This is shown, for instance, for the isotopic fractionation between 522 molten silicate, FeS and metal (Dauphas et al., 2014) . 523
For the oxygen isotopes, DFT results (GGA and GGA+U) indicate a small 524 equilibrium fractionation between hematite and goethite (between -3.1 and +0.8 ‰ 525
over the whole temperature range, Fig. 8 ). These theoretical estimations are consistent 526 with the study of Yapp (1990) , which suggests, from synthesis experiments conducted 527 in the temperature range 25-120 °C, that goethite and hematite are isotopically 528 indistinguishable at equilibrium. Several experimental studies also investigated 529 oxygen isotope fractionation in hematite-water and goethite-water systems (e.g. Bao 530
and Koch, 1999; Yapp, 2007) . The hematite-goethite fractionation curve that can be 531 derived from Bao and Koch (1999) shows a similar temperature-dependence as our 532 GGA results but is slightly more positive (Fig. 8) . In this study, experiments of 533 goethite synthesis were performed at a pH higher than 14. However Yapp's results 534 (2007) suggest that, in addition to temperature, pH can affect the measured oxygen 535 isotope fractionation between goethite and water. He found for goethite synthesized at 536 low pH (~1 to 2) a curve that differs significantly from the ones obtained at high pH 537 (>14). Using this low-pH curve for goethite-water from Yapp (2007) and the 538 hematite-water oxygen fractionation from Bao and Koch (1999), the hematite-goethite 539 fractionation curve falls in the range predicted by DFT methods but with an stronger 540 goethite crystallized at low pH may approach isotopic equilibrium values. These data 542 are therefore the ones that must be compared preferentially with the DFT results. In 543 conclusion, theoretical estimations for oxygen isotopes are consistent with 544 experimental measurements, even if the exact temperature-dependence remains 545
uncertain. 546
Our data display a significant discrepancy with the results of the semi-empirical 547 approach of Zheng (1991 Zheng ( , 1998 , i.e. the modified increment method where the 548 equilibrium oxygen isotope fractionation factors of oxides are assessed with respect to 549 a reference mineral (quartz) by considering the bond-type in the crystal structure (e.g., 550
bond strength, effect of mass on isotopic substitution). Blanchard et al. (2010) Eiler J. M., Bergquist B., Bourg I., Cartigny P., Farquhar J., Gagnon A., Guo W., 
